ABSTRACT-A penaeidin cDNA sequence of tiger shrimp Penaeus monodon was obtained. In the sequence, an open reading frame that coded for a peptide composed of 74 amino acids was found. A cleavage site of secretory signal peptide was predicted between amino acids 19 and 20. The calculated molecular mass of mature penaeidin was about 6.1 kDa and the estimated pi of this peptide was 9.1. Northern blot analysis indicated that the penaeidin was mainly synthesized in the hemocytes. Clustering analysis of penaeidin sequences from P. monodon, P.
Animal peptides with antibiotic properties are widespread in nature, present in mammals (Lee et al., 1989) , amphibians (Zasloff, 1987) , fish (Cole et al., 1997) , insects (Boman, 1991) and crustaceans (Destoumieux et al., 1997) . These peptides are major constituents of the innate immune system for non-specific defense of the host against microbial invaders. The innate system can be rapidly activated after injury on or invasion of the host by microbial agents. Host defense is done by combating the proliferation of the pathogens immediately after infection. Antimicrobial peptides thus provide an important defense mechanism in animals as the first line of host defense.
Penaeidins are 5.5 to 6.6 kDa antimicrobial peptides isolated from the plasma and hemocytes of Pacific white shrimp Penaeus vannamei. They are composed of a proline-rich N-terminus and a C-terminus containing six cysteine residues engaged in three disulfide bridges (Destoumieux et al., 1997; Destoumieux et al., 2000a) . Penaeidin-2 and -3 exhibit both Gram-positive antibacterial and antifungal activities (Destoumieux et al., 1999) . Penaeidins are constitutively synthesized and stored in the shrimp hemocytes and localized in granulocyte-cytoplasmic granules, and are released in response to appropriate stimuli such as infection (Destoumieux et al., 2000a; Munoz et al., 2002) .
A sequence similar to 3' part of penaeidin-3 of P.
vannamei (Destoumieux et al., 1997) , which we termed here as Ho-6 clone, was found when we sequenced cDNA library to search for defense-related genes from hemocytes of tiger shrimp (P. monodon) , an important cultured shrimp species in Taiwan and southeastern Asia. We also obtained the complete open reading frame sequence of tiger shrimp penaeidin using PCR with specific primers.
This study presents the cDNA cloning data of tiger shrimp penaeidin and compared its sequence and properties with other known penaeidins. To confirm the antimicrobial activity of the product of the open reading frame, we expressed the recombinant penaeidin using insect-baculovirus expression system. We could assume that the post-translation modification and protein folding of the recombinant penaeidin would be similar to native shrimp penaeidin because both insect and shrimp belong to Arthropoda. The antimicrobial activity of the recombinant penaeidin was likewise evaluated.
Materials and Methods

Construction of Hemocyte cONA Library and Cloning for Penaeidin
Shrimp (P. monodon) was obtained from shrimp farms in Taiwan. Before getting hemolymph, the shrimps were immersed in 0.5 mg/mL f3-glucan (from Saccharomyces cerevisiae, Biotec Mackzymal, Norway) for 3 h. Hemolymph from shrimp was collected using a syringe containing anticoagulant (0.1 M sodium citrate, 0.4 M sucrose, 0.01 M Tris-HCI, pH 7.6, 780 mOsm/kg) and centrifuged at 700 x g for 5 min. The resulting hemocyte pellet was then harvested. Total RNA was extracted and further purified by using a QuickPrep Micro mRNA Purification Kit (Pharmacia, USA). SuperScript Plasmid System (Gibco BRL, USA) was used for cDNA synthesis and plasmid cloning. The vector-ligated cDNA was introduced by transformation into E. coli cells (MAX Efficiency DH10Bac Competent Cells, Gibco BRL).
An Ho-6 clone sequence was found similar to 3' part of penaeidin-3 of P. vannamei. To get the 5' part sequence of penaeidin, a primer 5'-CCTACATCCTTT-CCACAAGC-3' (corresponding to nucleotides 333-352 shown in Fig. 1 ) was designed and used as the reverse primer in the polymerase chain reaction (PCR). The vector-located T7 primer served as the forward primer, and the cDNA library plasmid mixture was the template. Twenty-five cycles were used, consisting of 1 min at 94°C, 1 min at 55°C and 1 min at 72°C. To confirm the 3' part sequence of penaeidin, a primer 5'-(AGC)G(AGCT)CCG(AGT)T(ACT)CCCAGGCCACC-3' (corresponding to nucleotide 85-104 shown in Fig. 1 ) was used as forward primer in PCR. The vectorlocated SP6 primer served as the reverse primer. The bands of the PCR product on electrophoresis gel were eluted then were ligated to pUC-T vector (MDBio Inc., Taiwan). Every ligated vector was subsequently introduced to E. coli DH-5 a competent cells to amplify the vector. At least 3 clones were sent to the commercial company (Mission Biotech, Taiwan) for sequencing. The sample strand (100 ng) was used in a cycle sequencing reaction using dye-nucleotide terminators (ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit, Applied Biosystems, USA) with a 5 pmole primer as sequencing primer. Sequencing products were purified using ethanol precipitation procedure (Applied Biosystems protocol) and sequenced on an ABI PRISM 377-96 Sequencer (Applied Biosystems, USA).
Northern Blot Analysis
Total RNA was extracted from P. monodon tissues and hemocytes using Trizol reagent (Gibco BRL). Ethidium bromide was added into the RNA preparations and the RNA Millennium Markers (Ambion, USA). The samples were then run on 1.2% agarose gel at 50V in the presence of formaldehyde. After electrophoresis, a photography picture of the gel was taken under UV light. The RNA was then transferred to an ImmobilonNy+ membrane (Millipore, USA) by capillary blotting overnight according to the manufacturer's instructions, followed by UV-crosslinking of the blotted membrane.
A DIG-Iabeled penaeidin-specific 360 bp-probe was amplified by PCR on a cDNA clone using 5'-AAGGCCTTGCCATGCGTCTCGTGGTCTG-3' as the forward primer and 5'-CCTACATCCTTTCCACAAGC-3' primer as the reverse primer. Thirty cycles were used, consisting of 45 s at 94°C, 1 min at 56°C and 2 min at 72°C, and using DIG DNA labeling Mix (Roche, Switzerland) as dNTP substrate.
After hybridization at 65°C overnight, the membrane was washed twice with 2 x SSC, 0.1 % SOS at room temperature and two times with 0.1 x SSC, 0.1 % SOS at 50°C. Then the target bands on the membrane were immunologically detected using DIG Nucleic Acid Detection Kit (Roche) and COP-Star chemiluminescent substrates (Applied Biosystems) exposed to BioMax MS Film (Kodak, USA).
Analysis of Nucleotide and Amino Acid Sequences
The nucleotide and the deduced amino acid sequences of the shrimp penaeidin cDNA were analyzed using Wisconsin Package Version 10.2, Genetics Computer Group (GCG), Madison, Wise. and NCBI BLAST program. The amino acid sequences of all penaeidin clones were retrieved from the NCBI Entrez and aligned by the DAMBE (Data Analysis in Molecular Biology and Evolution, version 4.0.75) software package (Xia, 2000; Xia and Xie, 2001 ). The multiple sequence alignment was created with the ClustalW. Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 2.1 (Kumar et al., 2001 ) and the tree was constructed based on the neighbor-joining method (Nei and Kumar, 2000) .
Production of Recombinant Penaeidin
Penaeidin peptide was produced by a recombinant baculovirus system. The Spodoptera frugiperda Sf21
CGAAAAACfGACITCACAATGTATTAATCAGTTGTGAAGAAAGTGCAACCCTGATITIGA 300 ACTGTATITICfAGTTCCATITICITACITITGCITGTGGAAAGGATGTAGGTAITfGGA 360 TITICCATGAATGTATGATGAATGAAAGTGCATGTGGGATGTATGTGCATACAGTCGTAT 420 TIGTCCCAGCAGGTCCTCGTGTATTCACAGGAGAAAGATATCGTGTTGTTTGACITfCGT 480 TGTAGTTA TTTGTAGGTATGGGTCfGTGTGTGGTIGGTGTTTGCATAITfCCCAAAGGAC 540 ATTCGGAATTGTACfACfCfCITACAMIMMTTGATATCTGTGAAAAAAAAAAAAAAA 600 AAA cell line was cultured in TNM-FH insect medium containing 8% heat-inactivated fetal bovine serum. The cells were incubated at 26°C. 8f21 monolayers were used for the propagation of recombinant Autographa californica multiple nuclearpolyhedrovirus (AcMNPV). For transfection, Lipofectin (Life Technologes, U8A) was used.
Flanking Stu I and 8g/11 restriction sites (in italic) for cloning of penaeidin cDNA into the transfer vector were introduced by PCR mutagenesis with a sense primer (5'-AAGGCCTTGCCATGCGTCTCGTGGTCTG-3') and an antisense primer (5'-AGATCTTCAGTGGTGGTGGTGG-TGGTGACCATATGTCTGCTTTGGAT-3'). Penaeidin cDNA fragments that contained the translation start codon ATG, entire coding region of penaeidin (including the signal sequence), 6xHis tag codon, stop codon, and Stu I and 8g/11 restriction sites at 5' and 3' ends of the insert were cloned into the pABhRpX transfer vector and introduced into Escherichia coli DH-5 a. The correct orientation and sequence of the penaeidin insert were verified by sequencing. After cotransfection of the pABhRpX-penaeidin transfer plasmid and BaculoGold Linearized Baculovirus DNA (BD) into insect 8f21 cells, we selected viable recombinant baculovirus clones that performed fluorescence of DsRed.
Recombinant penaeidin was generated from 8f21 insect cells infected with recombinant baculovirus. For large scale expression, 8f21 cells were grown in 75 cm 2 T-flasks. 8f21 monolayers were infected at a multiplicity of infection between 3 and 10. The cells were kept in an incubator at 26°C and harvested 3 days post-infection.
Harvested infected 8f21 cells (1.5 x 10 8 cells) were lysed in 40 mL of lysis buffer (50 mM NaH 2 P0 4 , 300 mM NaGI, 10 mM imidazole, pH 8.0, supplemented with 1% Igepal CA-630) and incubated for 10 min on ice. The lysate was centrifuged at 10,000xg for 10 min at 4°C and the supernatant was collected. Then about 2 mL of 50% Ni-NTA Agarose (Qiagen, Germany) slurry was added into the 40 mL supernatant and was gently mixed by shaking at 4°G for 1.5 h. The mixture was centrifuged at 500xg for 5 min at 4°C. The agarose pellet Area of inhibition zone = Jr r -area of the well. r is the measured radius.
a Recombinant penaeidin, 30 f.1M; bporcine synthetic cecropin, 30 f.1M; cpurified from chicken egg white, 30 f.1M. Four f.1L sample was loaded in each well.
d Applying 77 f.1M recombinant penaeidin, the inhibited zone had fewer fungal growth than the surrounding area.
was added with 8 mL wash-buffer (50 mM NaH 2 P0 4 , 300 mM NaCI, 50 mM imidazole, pH 8.0) and loaded on a column. Then the non-specifically bound proteins were removed by washing twice with 8 mL wash buffer. Elution of 6xHis-tagged penaeidin from the Ni-NTA Agarose was achieved using elution buffer (50 mM NaH 2 P0 4 , 300 mM NaCI, 250 mM imidazole, pH 8.0). The eluate containing penaeidin was desalted using Microcon YM-3 (Millipore) and stored at -20°C before antimicrobial test.
Antimicrobial Activity Test of Recombinant Penaeidin
Four bacterial strains, one yeast strain and one filamentous fungus were collected for the test (Table  1) . The bacterial strains were grown in tryptone soya broth (TSB, Difco), except Vibrio strains which were cultured in the same medium but supplemented with 2.5% NaCI. Debaryomyces hansenii was grown in yeast malt broth (YMB, Difco, USA). Neurospora crassa was grown in potato dextrose agar (PDA, Difco). All bacterial and yeast strains were incubated with shaking at 28°C. Cells were prepared for testing when they grew to mid-log phase. Spores of Neurospora crassa were collected for following assays.
The diffusion method was done mainly according to Hultmark et al. (1982 Hultmark et al. ( , 1983 . Assay plates (9 cm diameter petri dish) were made on a leveling table from 6.8 mL of the melting culture medium agarose (1 %) and the final concentration of cultured cells was about 10 5 CFU/ mL. Cecropin was included as a positive control because it has been reported to inhibit the growth of bacteria, both Gram-positive and Gram-negative (Qu et al., 1982; Lee et al., 1989 , van't Hof et al., 2001 . Lysozyme cleaving f3-(1 A)-glycosidic bonds in the peptidoglycan layer of Gram-positive bacterial cell wall was used as antimicrobial peptide control. Wells 3 mm in diameter were punched on the harden assay plates. Four,uL recombinant penaeidin (30 ,uM), cecropin P1 (30 ,uM, synth!3tic porcine peptide, Sigma) or lysozyme (30 ,uM, purified from chicken egg white, Sigma) was loaded into wells. Plates were read after overnight incubation at 28°C using a dissecting microscope. Two diameter readings at 90°angles were taken. Positive inhibitory response was defined as the area of the clear zone being bigger than the area of the well. Determination of minimum inhibitory concentration (MIC) values was performed by liquid growth inhibition assays as described by Destoumieux et al. (1999) . Briefly, 10 ,uL aliquots from each dilution were incubated in 96-well microtiter plates, each well with 80 ,uL of fungal spores (final concentration 10 4 spores/mL) and 10 ,uL of water. Antifungal assays were performed in potato dextrose broth (Difco). Cultures were grown for 48 h at 25°C in the dark and in a moist chamber. Growth inhibition of filamentous fungi was observed microscopically after 24 h and measured at 590 nm optical density after 48 h.
Results
The Ho-6 clone contained a fragment from position 200 of the nucleotide to the poly A tail while the other clone obtained from PCR consisted of the nucleotides from position 1 to 5'-CCTACATCCTTTCCACAAGC-3' primer (position 352-332) (Fig. 1 ). There were 133 overlapping nucleotides that were completely identified in these two clones. A 603-bp penaeidin sequence was obtained (GenBank accession number: Banklt450249  AF475082 ). An open reading frame (ORF) of 225 bp and a 375 bp of 3' untranslated region containing the poly A tail were found in the sequence that coded for a peptide of 74 amino acids with a putative initiation methionine codon (ATG) starting at position 4 and ending at position 226 of stop codon. A cleavage site of secretory signal peptide was predicted between amino acid 19-20 using SPScan program of GCG. If other post-translational modifications were excluded, the calculated molecular mass of mature penaeidin was about 6.1 kDa and the estimated pi of this peptide was 9.1.
A probe was designed to cover the complete ORF and used in Northern blot analysis. A hybridization was done with RNA preparations extracted from shrimp . ,1 .'~.. ,-. Fig. 2 . Northern blot analysis of total RNAs from various shrimp tissues. About 5 /1g of total RNAs each from various tissues was separated on 1.2% agarose-formaldehyde gel through electrophoresis, blotted to a Nylon membrane and hybridized with mG-labeled penaeidin probe. 18S RNAs were stained by EtBr on the gel. Lanes 1-hemocytes; 2-heart; 3-intestine; 4-gills; 5-subcuticular epithelium; 6-lymphoid organ; 7-hepatopancreas; and 8-muscle. hemocytes, heart, intestine, gills, subcuticular epithelium, lymphoid organ, hepatopancreas, and muscle. A strong 750 b transcript signal was detected in the shrimp hemocytes (Fig. 2) . This clearly shows that penaeidin is mainly synthesized in the hemocytes. We collected 27 sequences of penaeidins from P. monodon, P. vannamei, P. setiferus, P. japonicus and P. chinensis. The mUltiple sequence alignment was created with the ClustalW (Fig. 3) . Based on the neighborjoining analysis, a cluster tree was construct (Fig. 4) .
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The molecular weight (MW) of recombinant 6xHis-tagged penaeidin in this study was 6860.0 Da based on mass spectrometry data (data not shown). It indicated that the cleavage of secretory signal peptide was between amino acids 19-20 as predicted by GCG and was performed as expected in the insect-baculovirus expres- (Felsenstein, 1985) .
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si on system. In addition, the mass obtained (6860.0 Da) was 22.75 Da less than the estimated MW (6882.75 Da) of penaeidin tagged with 6xHis without modification. The difference could be explained by the formation of 3 intramolecular disulfide bridges and blocked N-terminal by a pyroglutamic acid. Among the microbial species screened in the present study, the recombinant penaeidin (30 f.lM) could form an inhibition zone against Aerococcus viridans, but not against Micrococcus luteus, two Vibrio species and a yeast Debaryomyces hansenii (Table 1 ). The inhibitory effect of the recombinant penaeidin of tiger shrimp against a filamentous fungus Neurospora crassa could not be clearly determined. We, therefore, applied a higher concentration (77 f.lM) of the penaeidin and a weak inhibition of fungal growth was noted in the inhibition zone assay (Table 1) .
To further confirm the inhibitory activity of the recombinant penaeidin against N. crassa, a determination of minimum inhibitory concentration (MIC) was carried out. The recombinant penaeidin at different concentrations of 10, 20 and 40 f.lM delayed spore germination and growth of N. crassa but a complete inhibition of spore germination was not observed.
Discussion
Although the length of cDNA sequence in the present study was less than the result obtained from Northern blot analysis, it could be explained by the size of 5' untranslated region, the length of poly A and/or the possible splicing. We already obtained the complete coding region of penaeidin. This was confirmed by a comparison of the sequences and an activity test of its product.
Sequence analysis with the BLAST algorithm showed that the deduced amino acid sequence of the P.
monodon penaeidin had the highest similarity to white shrimp Penaeus setiferus penaeidin-3k (E value = 7x10-6 ), similarity = 61.6% using Gap program of GCG.
Significant similarities with other penaeidins such as penaeidin-2, -3, -4 and -5 from white shrimp P. vannamei, P. setiferus and Chinese shrimp P. chinensis were also found. In the nucleotide database of NCBI, there were some penaeidin-similar EST (expressed sequence tag) sequences such as ESTPMCU19 (Supungul et al., 2002) , ESTPMI2 and ESTPMI20 of P.
monodon submitted from Thailand (accession numbers 81018089, 81784441 and 81784459 respectively).
Comparing the sequence cloned in this study with those sequences using the Gap program of GCG, it shows that the sequences are highly identical (98.8-99.5%) and the deduced amino acid sequences are almost identical (98.6-100%). The sequences of penaedins from different sources (Fig. 3) showed a conserved NH 2 -terminal proline-rich domain and a COOH-terminal domain containing 6 cysteines that could engage in 3 disulfide bridges residues as mentioned by Bachere et al. (2000) . These two domains are usually observed in distinct groups of antimicrobial peptides. Another feature of these penaeidin sequences is a frequent presence of basic amino acid lysine and arginine, which contributed positive charge to the antimicrobial peptides. Except LV P1 sequence that was identified solely on the basis of amino acid sequence (Destoumieux et al., 1997) , examination of all penaeidin-coding sequences revealed that the leader sequence (1-19 residues) was almost completely conserved across most sequences, regardless of genus or species excluding P. japonicus. However, all of them had a C-terminal glycine residue, which was amidated in their mature form of Pen-2 and -3a for a possible increase in stability (Destoumieux et al., 2000a) . In addition, we observed that threonine was strongly conserved at position 27 of the aligned sequences, although Yang et al. (2003) proved that the change of the amino acid threonine to alanine could not affect an antimicrobial activity. It may suggest that penaeidins have another function other than the antimicrobial activity.
Penaeidins of white shrimp could be classified into penaeidin-2, -3, -4 groups. Penaeidin-1 was grouped together with penaeidin-2 group (Fig. 4) . The cluster analysis in the present study showed similar pattern as noted by Cuthbertson et al. (2002) . However P.
monodon and P. chinensis penaeidins could not be reliably clustered in penaeidin-3 group. It indicates that there is variance between penaeidins from different groups of penaeid shrimp. The same phenomenon was also observed on P. japonicus penaeidin, it could not be reliably clustered in penaeidin-2 group.
The recombinant penaeidins derived from the white shrimp P. vannamei were synthesized in a yeast expression system (Destoumieux et al., 1999) . Their antimicrobial activities were almost indistinguishable from those of the native molecules. However, an additional glycine residue at the COOH-terminus instead of the naturally occurring a-amide was noted. In addition, two distinct Pen-3a isoforms were obtained either with an unprocessed glutamine residue or with the natural pyroglutamate at position 1. Moreover, about 50% of the recombinant molecules were shown to be O-substituted by a dimannosyl moiety (Destoumieux et al., 2000a) . According to the molecular weight measurement of our recombinant penaeidin, it indicated an establishment of a secretory signal peptide on cleavage, a formation of 3 intramolecular disulfide bridges, and an Nterminal blocked by a pyroglutamic acid. These posttranslational modifications were consistent with the native modifications of the white shrimp penaeidin observed by Destoumieux et al. (1997) . There was no sign of any glycosylation in our recombinant penaeidin. However, since we added 6xHis before the stop codon, we could not determine the COOH-terminal amidation in the baculovirus-insect expression system. We tried to isolate the recombinant penaeidin from insect cell lysate and culture medium. We were only able to collect significant amount of penaeidin in the cell lysate, which was consequently purified, but not in the culture medium. It suggested that the recombinant penaeidin, which was led by shrimp signal sequence, was preserved in Sf21 cells, in the same way the shrimp penaeidin is stored in the shrimp hemocytes and localized in granulocyte-cytoplasmic granules. (Destoumieux et al., 2000b) .
The results of the inhibition zone assays were similar to the observations of Destoumieux et al. (1999) on white shrimp penaeidins whose antibacterial activities were noted against some Gram-positive bacteria but not against Gram-negative bacteria and yeasts. We could not observe, however, an inhibition zone formed by the recombinant penaeidin of tiger shrimp against M. luteus that showed a certain degree of sensitivity to white shrimp penaeidins. It is possible that a higher concentration of the recombinant penaeidin is needed to form inhibition zones against M. luteus. Destoumieux et al. (1999) showed that the MICs against M. luteus were higher by 2-4 times than A. viridans. In addition, the inhibition zone assay used in the present study may have low sensitivity in distinguishing the zones against M.luteus.
Regarding an anti-fungal activity, data on white shrimp penaeidin activity demonstrated a broad-spectrum antifungal property associated with fungicidal activity. Lower concentrations (below the MIC value) caused delayed growth of hyphae and abnormal r'!10r-phology of Fusarium oxysporum (Destoumieux et al., 1999) . In this study, a higher concentration (>40 J1M) seemed to be needed to observe the fungicidal activity. It may also mean that the recombinant penaeidin has no fungicidal activity but can inhibit fungal growth only. Comparing the MICs (1.25-5 J1M) of the white shrimp penaeidins (Destoumieux et al., 1999) and discounting the possibility that the natural tiger shrimp penaeidin has lower antifungal activity than the white shrimp penaeidin, we speculate that the weakening of the anti-fungal activity might be due to the addition of 6xHis tag that followed the recombinant penaeidin COOH-terminal according to the inference that binding of penaeidins to chitin, and consequently their antifungal activity, is mediated by their COOH-terminal domain (Destoumieux et al., 2000a) .
A striking feature of shrimp hemocyte libraries is the abundance of messages for antimicrobial peptides. Antimicrobial messages comprise 17.7% and 21% of all sequences isolated from the hemocyte cDNA libraries of P. vannamei and P. setiferus, respectively, and penaeidin ESTs predominate among antimicrobial peptides (Gross et al., 2001) . Direct screening of the P. vannamei ?L,Zap hemocytes library with penaeidin probes confirmed the robust nature of penaeidin expression in hemocytes with approximately 6.12% of all clones being penaeidin (Cuthbertson et al., 2002) . In an EST library from hemocytes of P. monodon, 8.9% were identified as putative immune-related genes. Abundant penaeidin ESTs (frequency 7 among 47) were found in defense and homeostasis groups (Supungul et al., 2002) . Penaeidin mRNAs seem to appear frequently in hemocytes of shrimp. Recently, many antimicrobial peptides were reported to be involved in the regulation of immunity that included phagocytosis, opsonization, degranulation, chemoattraction and complement reaction (Perregaux et al., 2002; Yang et al., 2002; Zasloff, 2002) . We also aimed to determine if penaeidins have other biological function aside from antibiotic-like activity.
In this study, we have demonstrated the molecular cloning, tissue localization of mRNA and antimicrobial activity of P. monodon penaeidin. We compared the sequence and antimicrobial property of the penaeidin with other shrimp penaeidins. In addition, the recombinant penaeidin has been expressed successfully using insect-baculovirus expression system, especially on the post-translational modifications.
